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Rubes

"Hey Earl! Look ... | found a microbe!”




Biosignature?

Morphology alone is not enough



Chemical Clues
Isotope Fractionation

Example: Carbon
Two stable isotopes: ?C and 13C

Kinetic Isotope Effect During Photosynthesis:

12C0, + H,0 - 12CH,0 + 0, (a)
13CO, + H,0 - 3CH,0 + 0, (b)

Rate constant for (a) is larger than for (b)

Hence:
13C/12C of biogenic organic C is smaller than of inorganic carbon




“d notation™
Carbon Isotopes

(how geochemists make this seem complicated)

[IBc/ O _ 3¢/ O L]
DD 12 [] 12~ ] ]
613C — D C sample C standard D(]-OOO%O
N J*c, U N
D D lZCDstandard D

Same nomenclature can be applied to any isotope ratio...
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Early Life on Earth
Carbon Isotope Evidence

Pilbara Isua Akilia
(> 3300 Ma) (3800 Ma) (> 3850 Ma)

Modified from: Mojzsis et al., 1996
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“Traditional” Stable Isotope Systems

Problems:

What about other isotope systems?

" Metals Non-Hetals He
Li | Be B C N 0 F Ne
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Rb | Sr | ¥ |Zr |Nb |Mo | Tc |Ru ([ Rh | Pd | &g |Cd | In | Sn | Sh | Te | xe
Cs [Ba Lu | HFf | Ta | % [ Re |05 | Ir | Pt |&u | Hg | TI | Pb | Bi | Po | &t | Bn
Fr [(Ra Lr | Rf [ Db | Sg | Bh | Hs | Mt | Uun | Uuu [ Uub | Uut | Uuq | Uup | Uuh | Uus | Yuo

La |Ce [ Pr | NMd (Pm |(5Sm | Eu ([ Gd | Th ( Dy [ Ho | Er [ Tm | ¥b

Ac | Th | Pa u Hp | Pu |Am |Cm | Bk | Cf | E5 | Fm | Md | Ho

Preservation of C,H,O,N,S compounds often problematic
Isotope exchange with C,H,O,N,S in environment




Why do isotopes fractionate (chemically)?
Mass-dependent differences in zero-point energy...

First approximation (SHO model):

E,=1/2 hv,
where v, = 1/2 T(k/p)¥2; p= (M xm)/(M + m). ASM — o, & - m.
Thus: Eg ., /E 1, = (My/m)1/2
Ifm,>m,... A A
EO,m1
E 2

[[] Mass-dependence in equilibrium constants & reaction rates



Some Elements of Biogeochemical Interest...

Atomic No. | Element Stable Isotopes® (m,/m,)*?
6 Carbon 2c, 3¢ 1.041
7 Nitrogen N, *°N 1.035
16 Sulfur %25, ¥s 1.031
14 Silicon 28gj, 295, 30g;j 1.035
20 Calcium °Ca, *'Ca 1.049

%lsotopes with average abundance >1 %.

m, is the heaviest and m; the lightest stable isotope listed.




Some Elements of Biogeochemical Interest...

Atomic No. | Element Stable Isotopes® (m,/m;)*?
6 Carbon 2c, B3¢ 1.041
7 Nitrogen N, *°N 1.035
16 Sulfur 32g, g 1.031
14 Silicon 28gj, 29gj, 30g; 1.035
20 Calcium “0Ca, *Ca 1.049
34 Selenium 82ge, 89se, "BSe, 'Se, °Se 1.039
26 Iron >Fe, *°Fe, °"Fe 1.027
28 Nickel *8Nji, °°Ni, ®*Ni, ®°Ni 1.034
29 Copper ®3Cu, ®°Cu 1.016
30 Zinc ®4Zn, °°zn, ®"zn, °®zn 1.031
42 Molybdenum | #*Mo, **Mo, **Mo, **Mo, *’Mo, **Mo, **°Mo 1.043
48 Cadmium 18cq, H0cd, *'cd, *2cd, *3cd, **cd, *°cd| 1.046
80 Mercury 198Hg’ 199Hg, ZOOHg, 201Hg, 202Hg, 204Hg 1.015

%lsotopes with average abundance >1 %.
m, is the heaviest and m; the lightest stable isotope listed.

Measurable effects are possible for many transition metals

Recent progress made possible by analytical advances
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Example: Fe isotopes
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Anbar et al., unpublished




“Traditional™ Stable Isotope Systems

" Metals Non-Hetals He
Li | Be B C N 0 F Ne
Na | Mg Transition Metals o gj p 5 cr | ar
K |Ca|Sc |Ti | ¥ |Cr [Mn| Fe |Co | Ni [Cu|Zn | Ga | Ge | A3 | 5e | Br | kr
Rb | Sr | ¥ |Zr |Nb |Mo | Tc |Ru ([ Rh | Pd | &g |Cd | In | Sn | Sh | Te | xe
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Ac | Th | Pa u Hp | Pu |Am |Cm | Bk | Cf | E5 | Fm | Md | Ho

Geoscience applications beginning in 1950’s




“Nontraditional” Stable Isotope Systems

" Metals Non-Hetals He
Li | Be B C N 0 F Ne
Na | Mg Transition Metals o gj p 5 cr | ar
K | Ca|Sc |Ti | ¥ |Cr [Mn| Fe |Co | Ni [Cu|Zn | Ga | Ge | A3 | 5e | Br | kr
Rb | Sr | ¥ |Zr |Nb |Mo | Tc |Ru ([ Rh | Pd | &g |Cd | In | Sn | Sh | Te | xe
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Ac | Th | Pa u Hp | Pu |Am |Cm | Bk | Cf | E5 | Fm | Md | Ho

Geoscience applications beginning in 1960’s - 1990’s
Renaissance beginning in mid-late 1990’s (esp. B, Ca, Cl, Se)




“Emerging” Stable Isotope Systems
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Li | Be B C N 0 F Ne
Na | Mg Transition Metals o gj p 5 cr | oar
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Geoscience applications beginning in late 1990’s and 2000’s
State of research in 2002: Similar to light stable isotopes in the 1950’s




Biosignatures: Why Iron Isotopes?

Fe has rich role in biochemistry; undergoes changes in redox
and coordination that could drive isotope effects.

Magnetite (Fe;O,) is a well-known “biomineral”, produced both
intracellularly and extracellularly by bacteria.

The presence of magnetite of possible biogenic origin in the
Alan Hills meteorite has been cited as evidence of life; arguably,
the strongest line of evidence.

Fe minerals, such as magnetite, are more robust than organic
carbon- so could be better “time capsules” to preserve evidence
of ancient or extraterrestrial life.




Iron Isotope Systematics

““Fe: 5.8%
6Fe: 91.7 %
°'Fe: 2.2%
8Fe: 0.3 %

0°°Fe = (P°Fe/>Fe)ampie/ C°Fer*Fe)gq - 1) X 1,000 %o
- Or -
e°Fe = (*°Fe/>*Fe)sympie! (°Fe/>*Fe)gy - 1) X 10,000 %o



Fe Isotopes: Natural Variations
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Beard et al., Science (1999)




Natural Variations
North Atlantic Fe-Mn crust

4 - O°%Fe = ¢°Fe x 0.068
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A
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Zhu et al., Science (2000)



Biosignature Potential: Biological Fractionation
Microbially Mediated Reduction of Fe3*

Uncertainties + 10
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Beard et al., Science (1999)




Complications:

It's never as simple as it first appears...



Natural Variations
North Atlantic Fe-Mn crust

206Pb /204Pb
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Correlation of radiogenic Pb
isotope variations and Fe isotopes
suggests that Fe isotopes vary due

to change in Fe sources, rather
than in situ isotope fractionation

18.9

Zhu et al., Science (2000)




Test for Nonbiological Fractionation Effects...

Anion Exchange Column
Biorad AG MP-1 Resin
O

Functional group: [R-CH,N(CH,),]* @O;
Solution: Fe dissolved in HCI 0 2 M HCI
0

Separation: FeCl, binds to resin

- Exchange
Column

sisL L]

<4— Elution Fractions =—

Equilibrium binding model:

KD = [Fe]resin/[Fe]dissolved

,
54K /58K, = 1
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Fraction of Total Fe (%)
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Anbar, Roe, Barling & Nealson, Science (2000)
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656Fe (%o)
Relative to BIR standard

Nonbiological Fractionation
Oxidative precipitation of ferrihydrite

Accumulated precipitate \

k Dissolved Fe2*

0.1 0.5 1

Proportion of Fe** remaining in solution

Bullen et al., Geology (2001)




Nonbiological Fractionation in Nature?
Fe isotopes in Fe-rich groundwater spring
Tongariro National Park (New Zealand)

—@&— Fe in ferrihydrite 1

—O—aqueous Fe

o

1
=

1
N

0%Fe (relative to BIR)

1 10 _ 100
% Fe remaining in solution

Bullen et al., Geology (2001)



Nonbiological Fractionation in Nature?
Fe isotopes in deep sea, high-T hydrothermal fluids
Juan de Fuca Ridge

Juan de Fuca Samples

Fluids

Rocks/Minerals

Standards

-1.5

OO0 Unaltered Basalt
OO Altered Basalt
SO & Pyrite
SO <& Pyrrhotite
OO Pipe Organ
O OO S & M Vent
Ko Inferno
<& Grotto
O Bastille
O <=8 IRMM

Canyon Diablo #2
Canyon Diablo #1
USGS BCR-2

-1 -0.5 0 0.5
&°Fe
(vs. Canyon Diablo)

Sharma, Polizzotto & Anbar, EPSL (2001)




Fe Isotope Fractionation...

...occurs during dissimilatory reduction of Fe3*
...occurs during nonbiological laboratory chemistry
...apparently occurs nonbiologically in nature

Where do we go from here?

Consider fractionation mechanisms...



Fe Speciation in HCI Experiments

100 I I I ‘ I I I I I I I I I ‘ I I I

| FeCl(HO),

% Fe




Fractionation may result from changes in Fe coordination:

Species Coordination
Fe(H,0)3* octahedral
FeCl(H,0):%" octahedral
FeCl,(H,0),* octahedral
FeCl,(H,0),° octahedral®
FeCl, tetrahedral
FeCl,-R tetrahedral

Proposed equilibrium fractionation during exchange reaction:

>4FeCl,(H,0), + *°FeCl, <> ¢FeCl,;(H,0), + >*FeCl,

Fractionation driven by differences in Fe bonding environment
(similar effects are well-known for C and B isotopes)

‘Geometry not certain Anbar, Roe, Barling & Nealson, Science (2000)



Calculated Equilibrium Fractionation Factors

Inorganic Fe Complexes
(reported as 1000 In B(°6Fe->*Fe) factors)

Schauble et al.

(2001) This work Difference
FeCl, 7.2 6.9 0.3
FeCl,> 4.0 3.7 0.3
FeBr,* 6.4 6.3 0.1
FeCl*> 3.8 3.7 0.1
Fe(H,0)4%" 6.2 6.1 0.1
Fe(H,0):3* 11.6 11.9 0.3

“Classical” G/F matrix calculations using the Urey-Bradley force field model and published spectroscopic data.

Holman & Anbar, Fall AGU (2000)




Recent Experimental Data

Equilibrium Fractionation
Fe(lll) vs. Fe(ll)

“Fe(H,0)s*" + *°Fe(H,0)¢*" <> *°Fe(H,0)s*" + >*Fe(H,0)¢**

Keg =0 ~ 1.0025

(Compare to theoretical prediction ~ 1.005)

Bottom Line: Changes in bonding environment are key!

Johnson et al., EPSL (2001)



Biological Possibilities: Fractionation During Fe Uptake
“Siderophores”

OH
Enterobactin [ OH

HN 0O

Lippard & Berg, Intro. to Bioinorganic Chemistry (1994)



Biological Possibilities: Fractionation During Fe Uptake
“Siderophores”

Enterobactln C%) .

Receptor

/' Protein
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Enterobactin [ OH Exterior

HN 0O
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Substantial change in Fe coordination environment. K
Can we use Fe isotopes to detect the effects of such
biologically-produced ligands? Fe isotope biosignatures?

Lippard & Berg, Intro. to Bioinorganic Chemistry (1994)




Fe Isotope Fractionation
During Mineral Weathering

or bacteria
(bacillus, streptomyces)

Measure d°Fe of

dissolved Fe...
Fe

Mineral powder
(hornblende)

Modified after R. Guynn et al., AGU ‘01
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